Context. Evolutionary population synthesis (EPS) models play an important role in many studies on the formation and evolution of galaxies. Most EPS models are still poorly calibrated for certain stellar evolution stages, especially for the treatment of binary stars, which are very different from single stars. Aims. We aim to present color-magnitude (C-M) and color-color (C-C) relations for passive model galaxies in the redshift z∼ 0.0−3.0 and to study the effect of binary interactions on these relations for high-redshift passive galaxies. Methods. Assuming exponentially declining star formation rate, we used a set of theoretical galaxy templates obtained from Yunnan EPS models (with and without binary interactions) to present the C-M and C-C relations for passive galaxies via Monte Carlo simulation. In Yunnan EPS models with binary interactions, various processes are included, such as mass transfer, mass accretion, commonenvelope evolution, collisions, supernova kicks, tidal evolution, and all angular momentum loss mechanisms. In these models, approximately 50 per cent of the stellar systems are binary systems with orbital periods less than 100 yr. This fraction is a typical value for the Milky Way. Results. We find that the inclusion of binary interactions in the model galaxies' spectra can dramatically alter the predicted C-M and C-C relations and their evolution with redshift. For z ∼ 0.0 and 1.0, the binary interactions have a minor effect on the C-M and C-C relations, but at z ∼ 2.0 and 3.0 the binary interactions have a major effect on the C-M and C-C relations. Especially for the redshift z ∼ 2.0, the g−band magnitude becomes smaller by 1.5 mag, the g − r color becomes bluer by 1.0 mag, and the u − g color becomes redder by 1.0 mag when binary interactions are included.
Introduction
Understanding the formation and evolution of galaxies is one of the important and challenging questions of cosmology. According to the standard cold dark matter (CDM) paradigm, galaxies are initially formed in the center of small CDM halos via gas cooling and subsequent star formation, gradually assembled with time through hierarchical processes, and then evolved into populations with various size, color, and morphology (White & Rees 1978) . During the cosmic time, the era of 1 < z < 3 is a crucial stage in terms of star formation, stellar mass content, and galaxy morphology. In this period, the starforming activity in the Universe and the bulk of stellar mass assembly in galaxies are at their peak levels (Dickinson et al. 2003; Hopkins & Beacom 2006; Arnouts et al. 2007) . Meanwhile, a variety of observations suggest that the cosmic star formation rate (SFR) density is at its maximum value (Daddi et al. 2005; Richards et al. 2006; Arnouts et al. 2007 ) at z∼ 2.0. A number of deep and wide-field multiwavelength surveys have been employed in the past several years to assemble multiwavelength observations of high-redshift galaxies. Therefore, the star formation history, age, and stellar mass of high-redshift galaxies are well studied through fitting observed multiband spectral energy distributions (SEDs) with evolutionary population synthesis (EPS) models.
Evolutionary population synthesis is one of the techniques to study galaxy evolution at all eras (Tinsley 1978; Fioc & RoccaVolmerange 1997; Vazdekis 1999; Zhang et al. 2004; Maraston 2005; Marigo & Girardi 2007; Conroy et al. 2009; Bruzual & Charlot 2003, hereafter BC03) . These EPS models play an important role in deriving the star formation histories, stellar properties, and redshifts from photometry and spectra. So our understanding of stellar population properties, galaxy growth across the cosmic time (Shapley et al. 2005; van Dokkum et al. 2010) , and the evolution of stellar mass density (Marchesini et al. 2009; González et al. 2010 ) is heavily dependent on EPS models.
Most EPS models neglect the effect of binary interactions on some stellar evolution stages. Meanwhile, observations show that binary stars are very common in nearby star clusters and galaxies (Abt 1983; Kroupa & Petr-Gotzens 2011) . For example, Raghavan et al. (2010) presented the results of a comprehensive evaluation of the multiplicity of solar-type stars in the solar neighborhood, and their analysis showed that the binary fraction of the progenitor population was about (50 ± 4)%. Sollima et al. (2007) analyzed the binary population of 13 low-density Galactic globular clusters with the aim of studying their frequency and distribution. Their study revealed that these globular clusters hold a fraction of binaries ranging from 10 to 50 per cent depending on the cluster. Sollima et al. (2010) used deep wide-field photometric observations to derive the fraction of binary systems in a sample of five high-latitude Galactic open clusters. They found that the estimated global fractions of binary systems ranged from 35 to 70 per cent depending on the cluster. Minor (2013) analyzed binary fractions and binary distributions of dwarf spheroidal galaxies. They found that binary fractions of Fornax, Sculptor, and Sextans dSphs were consistent with that of Milky Way (about 50%) within 63% confidence limits. When binary stars are considered in EPS models, they can enhance the ultraviolet (UV) passbands by 2.0 − 3.0 mag for stellar populations at an age of about 1.0 Gyr (Zhang et al. 2004 (Zhang et al. , 2005 . Moreover, Han et al. (2007) concluded that most of UV sources in elliptical galaxies came from binary channels. Therefore, neglecting binaries in EPS models can lead to an underestimation of the SED in UV passbands and then affect the determination of parameters for stellar population systems (Zhang et al. 2012a,b) .
According to the CDM model cosmology calculator of Wright (2006) , at redshift z∼ 2.0 the age of the Universe is about 3.0 Gyr, and passive galaxies at this redshift should contain young stellar populations (< 3.0 Gyr). In addition, there exist passive galaxies at redshift z∼ 2.0 (Daddi et al. 2004; Kriek et al. 2009; Maraston et al. 2010; Fang et al. 2012 ) that form a red sequence at z∼ 2.3 (Kriek et al. 2008) . The spectral shapes of passive galaxies at z∼ 2.0 indicate that most of their stars have formed over a short timescale in an intense starburst, which verifies that these galaxies are in a post-starburst phase (Kriek et al. 2008) . The future evolution of passive galaxies at z∼ 2 is unknown. Meanwhile, Zhang et al. (2010) showed that the binary interactions have significant influence on the far-UV (F UV ) band for stellar populations at the age range of 0.5 − 3.0 Gyr. The stellar populations in this age range are just starting to exist in passive galaxies at z∼ 2.0, hence the effect of binary interactions is obvious for the observed-frame optical passbands when the restframe UV emission is shifted to optical wavelength. The evolution of the age of populations, the trend of SFR, the chemical enrichment, and morphology can bring changes in the spectra, as well as the changes in galaxy luminosity and colors. Meanwhile, most of the galaxy properties are correlated with EPS models, and the binary interactions in EPS models can affect the stellar populations. In this study we will discuss the effect of binary interactions on the SED of passive galaxies.
To show the quantitative influence of binary interactions on the predicted galaxy magnitudes and on the colors at different redshifts, we use the galaxy template spectra based on Yunnan EPS models, the reddening law, the filter set, and the cosmological parameter through a Monte Carlo (MC) simulation to produce the passive model galaxies, and to study the evolution of color-magnitude (C-M) and color-color (C-C) relations of passive galaxies with redshift.
The structure of this paper is as follows. In Sect. 2, we briefly describe the method used to generate galaxy sample with different redshift. In Sect. 3, we show the C-M and C-C relations predicted by EPS models for different redshifts, followed by discussion. The conclusion is given in Sect. 4.
Method
We used the relevent parameters based on the MC simulation to produce the model galaxies. The relevant parameters in this procedure are: (i) the set of galaxy template spectra, including the SED with SFR and different ages; (ii) the reddening law, which is implemented to account for the effect of interstellar dust on the shape of the SED; (iii) the filter set; and (iv) the standard dark matter model cosmological parameters H 0 , Ω M , and Ω Λ . In this section, we will describe these relevant parameters.
The stellar population models
Evolutionary population synthesis is one of the techniques of modeling the spectroscopic and photometric properties of stellar populations using the knowledge of stellar evolution. This technique was first introduced by Tinsley (1968) and has been developed rapidly ever since. Moreover, EPS models can be used to build galaxy template spectra. Recently, binary interactions have also been incorporated in EPS models by the Yunnan group (Yunnan EPS models; Zhang et al. 2004 Zhang et al. , 2005 Zhang & Li 2006) . To quantify the effect of binary interactions on the predicted galaxy magnitudes and colors at different redshifts, we build a theoretical galaxy template SED using Yunnan models of single stellar populations (Model A, Zhang et al. 2004 , without binary interactions) and the models of binary stellar populations (Model B, Zhang et al. 2005 , with binary interactions). These models present the SEDs of stellar populations with and without binary interactions at 90 ages, and the ages are in the range from log(t i /yr)= 5.000 to 10.175.
The Yunnan EPS models were built on the basis of the Cambridge stellar evolution tracks (Eggleton 1971 (Eggleton , 1972 (Eggleton , 1973 , BaSeL-2.0 stellar atmosphere models (Lejeune et al. 1997 (Lejeune et al. , 1998 , and various initial distributions of stars. The Cambridge stellar evolution tracks are obtained by the rapid single/binary evolution codes (Hurley et al. 2000 (Hurley et al. , 2002 , which is based on the stellar evolutionary track by Pols et al. (1998) . In the binary evolution code, various processes are included, such as mass transfer, mass accretion, common-envelope evolution, collisions, supernova kicks, tidal evolution, and all angular momentum loss mechanisms.The main input parameters of the standard models are as follows:
(1) The IMF of the primaries gives the relative number of the primaries in the mass range M → M+ dM. The initial primarymass M 1 is given by
where X is a random variable uniformly distributed in the range [0, 1]. The distribution is chosen from the approximation to the IMF of Miller & Scalo (1979) as given by Eggleton et al. (1989) 
in which M is the stellar mass in units of M .
(2) The initial secondary-mass distribution, which is assumed to be correlated with the initial primary-mass distribution, satisfies a uniform distribution
where
The distribution of orbital separation (or period) is taken as constant in loga (where a is the separation) for wide binaries and fall off smoothly at close separations
in which a sep ∼ 0.070, a 0 = 10R , a 1 = 5.75 × 10 6 R = 0.13pc, and m ∼ 1.2 (Han et al. 1995) . (4) The eccentricity distribution satisfies a uniform form e = X, X ∈[0, 1].
Some of the relevant features of these models can be found in Zhang et al. (2004) for Model A and Zhang et al. (2005) for Model B. In Model B, 50 per cent of the stars in each stellar population are in binary systems with orbital periods less than 100yr. And this fraction is the typical value for the Galaxy. We note that both of the two EPS models have the same star sample (2.5 × 10 7 binary systems). We assume that all stars are born at the same time.
Theoretical galaxy template
The galaxy template should not only comprise the SEDs of different ages, but should also include the star formation history (SFH) of a galaxy. The EPS models only provide the SEDs of stellar populations without any SFR at different ages. Therefore, at a given age we need to generate the SEDs of galaxies with different SFHs by means of EPS models. Several studies have found that the observational properties of local field galaxies with different SFHs can be roughly matched by a population with different SFRs. For example, Kennicutt (1986) used an exponentially declining SFR to describe the local spirals, and their results could explain the observations well. In this work, the SFH of passive galaxies is described by a widely used (Bruzual 1983; Papovich et al. 2001; Shapley et al. 2005; Lee et al. 2009; Wuyts et al. 2009 ) exponentially declining SFR
where τ and t are the e−folding time scale and the age of population, respectively. We focus on the passive galaxies, and the range of τ is from 0.01 Gyr to 1.0 Gyr: τ = 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 Gyr. The BC03 software package provides the code to construct the galaxy template with different SFRs. Using the stellar population models of Yunnan EPS models and the e−folding SFR, we use the BC03 package to build the galaxy templates. For Model A and Model B we also assume that z = 0.02, and the age range is from 10 5 yr to 10 10.175 yr.
Definitions of other parameters
Other parameters used in this work are given as follows:
-The redden law of Calzetti et al. (2000) is used. The observed shape of the stellar emission F o (λ) is reddened using the starburst reddening curve k(λ) = A(λ)/E s (B − V) with the standard formulation (Calzetti et al. 1994 )
where F o (λ) and F i (λ) are the observed and intrinsic stellar continuum flux densities, respectively. The color excess of stellar continuum E s (B − V) is linked to the color excess (E(B − V)) derived from the nebular gas emission lines
. (7) In this work, the extinction A V is allowed to vary from 0 to 3 in steps of 0.2, which corresponds to E(B − V) varying from 0 to 0.74 according to the reddening law (R V = 4.05) of Calzetti et al. (2000) .
-We have selected the Sloan Digital Sky Survey (SDSS) standard filter system ugriz with air mass of 1.3. Table 1 presents the characteristics of these filters, the effective wavelength λ eff , and the full width at half maximum (FWHM). -Finally, we have adopted a set of standard dark matter model cosmology parameters (Ω Λ , Ω M , H 0 ) = 0.7, 0.3, 70.0.
Results and discussion
By means of the MC simulation and some relevant parameters, we produced the passive model galaxies with the e−folding SFR at different redshifts. In this section, we give the C-M and C-C relations of passive model galaxies at different redshifts and investigate the effect of binary interactions on the predicted magnitudes and colors. Considering the influence of binary interactions on the observed-frame optical passbands for z ∼ 2, we only focus on the optical passbands. We note that the ugriz Vega magnitudes are in observed-frame.
Binary interactions on magnitudes and colors
The model galaxies at z ∼ 0.0, 1.0, 2.0, and 3.0 correspond to the galaxies at the range of 0.0 ≤ z ≤ 0.3, 0.7 ≤ z ≤ 1.3, 1.7 ≤ z ≤ 2.3, and 2.7 ≤ z ≤ 3.0, respectively. We take the range of 2.7 ≤ z ≤ 3.0 as z ∼ 3.0, because the colors always lie outside the u−band for high redshift galaxies (z ∼ 3.4, Lee et al. 2009 ).
In this work, we generate 10 000 model galaxies for each redshift with each model (Model A and Model B). We assume that the formation redshift of galaxies is at z= 10.0, corresponding to about 0.48 Gyr for the Universe. Figure 1 shows the observed-frame g − r color versus g magnitude and u − g color for passive galaxies at four different redshifts (z = 0.0, 1.0, 2.0, and 3.0) based on Model A and Model B. The blue open and black solid circles represent the model galaxies based on Model A and Model B, respectively. The left-and right-hand show the C-M and C-C relations, respectively. We can see that the model galaxies based on Model A and Model B overlap for both the C-M and C-C relations at z ∼ 0.0 [panels (a)] and 1.0 [panels (b)]. However, it shows a significant offset for both the C-M and C-C relations for those using Model A and Model B at z ∼ 2.0 [panels (c), especially for the C-C relation]. The offset at z ∼ 3.0 [panels (d)] between Model A and Model B is smaller than that at z ∼ 2.0. For z ∼ 2.0, the galaxy sample based on Model B is shifted to lower g and bluer g−r, but redder u − g relative to that based on Model A. For z ∼ 3.0, the galaxy sample based on Model B is shifted to lower g magnitudes but redder g − r and u − g colors than those based on Model A.
Age distribution of stellar populations
To give detailed analyses, we display the age distribution of stellar populations in galaxies at different redshift in Fig. 2 . Panels per age limits that are important for binary interactions, 0.5 and 3.0 Gyr. At the redshift z ∼ 3.0 we only show the lower age limit because the upper age limit is beyond the age of the Universe. We find that the ages of stellar populations are all younger than the age of the Universe at each fixed redshift.
Based on the age distribution of the stellar populations in passive galaxies in Fig. 2 , the detailed analyses for the phenomena in Fig. 1 are as follows: -Using the Wright (2006) CDM model cosmology calculator and a set of parameters, we calculate the age of the Universe at different redshifts. The ages of the Universe are about 13.7, 5.9, 3.0, and 2.0 Gyr at redshift z ∼ 0.0, 1.0, 2.0, and 3.0, respectively. From the panels of Fig. 2 , we see that the age of stellar populations tends to peak at 12.5, 5.25, 2.75, and 1.5 Gyr for model galaxies at redshift z ∼ 0.0, 1.0, 2.0, and 3.0, respectively. As shown above, the effect of binary interactions is obvious for the stellar populations with age in the range of 0.5−3.0 Gyr. From the value of peak age and age distribution of stellar populations in model galaxies at different redshifts, we find that the ages of stellar populations in model galaxies at redshift z ∼ 2.0 and 3.0 are just in the age range of 0.5−3.0 Gyr, whereas the ages of stellar populations in the model galaxies at redshift z ∼ 0.0 and 1.0 are beyond this age range. This characteristic can also be seen in Fig.  2 , where the ages of stellar populations are within the dotted lines for model galaxies at z ∼ 2.0 and 3.0, but outside the dotted lines for z ∼ 0.0 and 1.0 which verifies that the effect of binary interactions is obvious in model galaxies at redshift z ∼ 2.0 and 3.0, but is not obvious at redshift z ∼ 0.0 and 1.0. This result can explain that there exists offset for model galaxies based on Model A and Model B at redshift z ∼ 2.0 and 3.0, whereas this phenomenon does not exist for model galaxies at redshift z ∼ 0.0 and 1.0. -For Fig. 1 , we also point out that the offset between model galaxies based on Model A and Model B at redshift z ∼ 3.0 is smaller than that of model galaxies at redshift z ∼ 2.0. As shown in Fig. 2 , the ages of stellar populations in model galaxies at z ∼ 2.0 and 3.0 are within the age range influenced by binary interactions. In comparison, some very young (< 0.5 Gyr) stellar populations emerge in model galaxies at z ∼ 3.0 in panel (d), which does not appear in panel (c) at z ∼ 2.0. The existence of young stellar populations can also radiate the UV-light, which is similar to the effect of binary interactions. Kaviraj et al. (2009) demonstrated that the UV-flux was highly sensitive to young stellar populations. They constructed a model in which an old (10.0 Gyr) population contributed 99.0 percent of the stellar mass, with a 1.0 percent contribution from stars that were 0.3 Gyr old. They found that the UV-flux of the combined SED came purely from the young population which certifies that the young stellar populations have large contribution to the UV-flux, which can pollute the effect of binary interactions.
In addition, the radiation in the rest-frame F UV −band can move into the observed-frame g−band at z ∼ 2.0, and the observed-frame g− and r−bands at z ∼ 3.0. In other words, the binary interactions can affect the observed-frame r−band and this effect is larger than that on g−band for model galaxies at z ∼ 3.0. So the r magnitude becomes smaller, and makes the g − r color become redder.
In general, binary interactions can influence the optical passbands (i.e., g-band) for passive galaxies at z ∼ 2.0. The inclusion of binary interactions in EPS models can reduce the g−band magnitude by 1.5 mag, make the g−r color bluer by 1.0 mag, and make the u − g color redder by 1.0 mag for the passive galaxies at redshift z ∼ 2.0.
Dependence on the EPS models
The validity of the results depends on the assumptions of the EPS models. The main input parameters and distributions are (i) the common envelope (CE) ejection α CE , (ii) the coefficient η for the Reimers wind mass loss, (iii) the IMF of the primaries, (iv) the secondary-mass distribution, (v) the distribution of orbital separations, and (vi) the eccentricity distribution.
From Marks & Kroupa (2011) , we know that the distribution of mass ratio (n(q)) is still uncertain and a matter for debate. For the EPS models, Zhang et al. (2005) simulated the real populations by producing 2.5 × 10 7 binary systems by choosing three forms of n(q): n(q) = 1, n(q) = 2q, and M 2 was uncorrelated with M 1 . Moreover, they found that the discrepancy in colors caused by the choice of initial distribution of q is smaller than that of the inclusion of binary interactions. Zhang et al. (2005) investigated the effects of some input parameters (the CE ejection efficiency α CE and the Reimers wind mass-loss coefficient η) and input distributions (eccentricity and the initial mass of the secondaries) on the integrate colors of Model B. The results revealed that the variations in the choice of input model parameters and distributions could affect the results. For example, the circular distribution can make the colors redder than that of eccentricity distribution, while the increasing α CE can make the integrated colors bluer, and the variation of mass ratio can lead to fluctuations in the integrated colors and this fluctuation at late ages are greater than at early ages. However, comparing the discrepancies that exist among the integrated colors, they also found that the differences between the models with and without binary interactions were greater than those caused by the variations in the choice of input parameters and distributions.
The choice of different form of IMF can possibly affect the results. Zhang et al. (2012a) analyzed the effect of IMF on the SFR calibration in terms of UV luminosity for burst, S0, Sa-Sd, and Irr galaxies. They chose the different IMF of Miller & Scalo (1979) and Salpeter (1955) to investigate this effect. And they found that the effect on the UV luminosity that is caused by the variation in the form of IMF was smaller than that between the models with and without binary interactions for burst galaxies at all ages. So the variation in the form of IMF can lead to small effects on the above results. Therefore, the inclusion of binary interactions is the main reason which causes the phenomena in Fig. 1. 
Conclusions
We used the galaxy template spectra built on Yunnan EPS models and e−folding SFR, the reddening raw of Calzetti et al. (2000) , the SDSS standard filter, and the cosmological parameters of standard dark matter model with the MC simulation to produce the passive model galaxies in the redshift range of z = 0.0 to 3.0, and then studied the effect of binary interactions on the predicted C-M and C-C relations with redshift. Through comparing the predicted C-M and C-C relations of galaxies, we can investigate the effect of binary interactions on these predicted relations.
For the passive galaxies, we find that the predicted C-M and C-C relations of model galaxies based on Model A and Model B have large offset at redshift z ∼ 2.0, especially for the C-C relation. These offsets are mainly produced by the inclusion of binary interaction in EPS models. At redshift z ∼ 0.0 and 1.0, the ages of stellar populations are beyond the age range of the effect of binary interactions (0.5 − 3.0 Gyr), therefore the effect of binary interactions is insignificant. Moreover, at redshift z ∼ 3.0, the young stellar populations (t < 0.5 Gyr) exist in model galaxies, which is beyond the age range of the effect of binary interactions. The existence of young stars can influence the effect of binary interactions. At redshift z ∼ 2.0, the ages of stellar populations are just in the age range of the effect of binary interactions, which is not influenced by very young stars. Therefore the effect of binary interactions are very obvious at this redshift. The binary interactions can make the g−band magnitude smaller by 1.5 mag, the g − r color bluer by 1.0 mag, and the u − g color redder by 1.0 mag for the passive galaxies at this redshift. We note that the effects of different choices of input parameters and distributions for EPS models on the above results are smaller than that of inclusion of binary interactions. Because of the widely observed optical passbands of galaxies, the stellar population properties of passive galaxies can also be affected by binary interactions. We will analyse the impact of binary interactions on the stellar population properties of observed passive galaxies in our follow-up papers.
